Abstract
Introduction

46
The mixture stratification process and the generation of higher turbulence levels are the two main established techniques to extend the lean combustion limit [1] . Therefore, the new combustion system exhaust emissions. This burner generates different stratification degrees of the mixture by changing the 
Burner setup details 116 117
The new design of the current burner configuration was comprised of a pair of fixed concentric stainless-118 steel tubes; the inner tube carried the air whilst the outer tube carried the fuel, as shown in Figure 1 . 
128
Both the air and fuel streams were fed into the burner tangentially and directed towards the inner and 129 outer tubes, respectively. The fuel stream passed through the annulus gap between the vertical concentric 130 tubes and then it mixed with the air through the mixing distance, L, as shown in Figure 1 . The LPG used 131 during the present study was formed of 50% butane and 50% propane (molar basis). While the NG was 132 formed from of 95% methane (molar basis). The flow rates of both air and fuel streams were controlled 133 precisely using an Alicat MCS-series meter which was calibrated to a certain range of 150 l/min with a high time. Both the fuel and air streams were introduced to the burner at ambient conditions. The overall mean equivalence ratio was determined based on the fuel and air stream mass flow rates.
138
Turbulence generator disks
140
The turbulence generator used for the current study consisted of a thin disk turbulence generator with a 141 circular slot, in order to boost the turbulence intensity levels, similar to the disk developed by Videto and 
149
of 76°, 26 mm height (h) and 62 mm base cone diameter (dc). At a partial premixing level of (L/D = 2), a 150 particle image velocimetry (PIV) system was utilized to study the velocity profiles of the developed burner.
151
Accordingly, the flow turbulent intensities were calculated as a ratio between the fluctuation of the jet 152 velocity to the mean jet velocity (Vrms/Vj) [33] . They demonstrated that the current burner turbulent 153 intensity could reach up to 36%, depending on the jet velocity, and any increase in the jet velocity or the disk slit diameter will increase the turbulent intensity [33] . 
LIBS set-up
was characterised as the first harmonic wavelength of 1064 nm, pulse width of 6 ns and a beam diameter 161 of 10 mm. Single shot operations of the laser were used for the current investigation, with a constant laser 162 energy of 100 mJ, whilst the focusing process of the laser beam was carried out using a 50 mm focal length 163 plano-convex lens to create the plasma. This plasma constitutes of excited atoms in the ionized gas, and 164 during the subsequent decay of the excited electrons, a rainbow of light of different wavelengths is released,
165
resulting in characteristic spectral emissions. In order to optimize the spectral emission data collections, a pair of 100 mm focal-length plano-convex lenses were placed at an angle of 26° to the laser beam [9] , and h h then the spectral emissions were directed towards a fused-silica optical fiber with an aperture of 200 μm.
168
Consequently, the spatial resolution of the system based on this aperture diameter was small enough for 169 turbulent flame measurements and it was approximately 1 mm, estimated from the size of the plasma.
170
Consequently, the optical fiber captured the emitted light and it carried it to an Echelle spectrometer (PI-
171
Echelle, Princeton Instruments: IMAX-512, USA) attached to a gated Intensified Charge-Coupled Device
172
(ICCD) covering a wavelength range of 190-1100 nm, to resolve and image the signal spectrally. The data 173 acquisition system was utilized to precisely control both the gate delay time and the gate width of the 174 spectroscopic data acquisition system. In order to achieve high measurement accuracy, the laser induced 175 plasma generated should reach the Local Thermodynamic Equilibrium (LTE) state, and for the current 176 investigation, the LTE was established at roughly 1 μs following the plasma initiation.
177
Figure. 
185
This correction was applied to eliminate the inherently dark signal associated with the spectrometer 186 detector, which itself is associated with the output LIBS signal. Both the delay time and the gate width were 187 varied until the optimized intensity of the spectral emission line was obtained. In order to achieve that 188 optimized signal, the ICCD gate width was set at 10,000 ns, whilst the spectral emission line intensities 189 were collected at a delay time of 600 ns after the laser irradiation. For the present work, one case was 190 selected for equivalence ratio measurements using the LIBS technique. The NG/air mixture employed for was selected for the fuel-air mixing process, to create a perfectly homogeneous mixture valid for precise 194 calibration with the LIBS technique. Consequently, the equivalence ratio measurements were carried out 195 using the LIBS technique after the calibration process was completed. 
197
Results and discussion
210
In the present work, the assessment of the burner stability was implemented at lean conditions of φ = 0.8 
254
As the degree of partial premixing was increased to L/D = 2 and 3, the flame stability was increased for all 255 of the cases, except the case of the NG/air mixture with ds = 25 mm, where the flame stability was gradually reduced. For both partially premixing ratios of L/D = 2 and 3, the LPG/air mixture with ds = 45 mm Once these zones interacted, the likelihood of the triple flame structure formation increased, resulting in 261 higher flame stability [48, 49] . Regarding the flame images, all of the cases exhibited stable flames with a 262 blue colour, except LPG, ds = 45 mm, which yielded a lower stability with a small blue region near the flame 263 base followed by bright yellow flame with high luminosity. 
265
(a) NG, ds =25 mm NG, ds =45 mm LPG, ds =25 mm LPG, ds =45 mm L/D =1 vj=1.7 m/s vj=1.7 m/s vj=1.3 m/s vj=0.8 m/s L/D =2 vj=1.6 m/s vj=2.2 m/s vj=1.9 m/s vj=1 m/s L/D =3 vj=1.6 m/s vj=2.2 m/s vj=2.3 m/s vj=1.3 m/s L/D =4
281
The flame stability at a constant level of partially premixed of L/D = 2 was further examined under different
282
Reynolds numbers and equivalence ratios, as presented in Figure 5 
295
stability of LPG at lean conditions could be contributed to its higher calorific value (energy content) than 296 natural gas, with 93.2 MJ/m 3 vs 38.7 MJ/m 3 [50] , and thus, its higher heat release rate. The primary effect
297
of an increase in the heat released by the flame is to increase the flame speed, and consequently, a small 298 amount of LPG will produce a higher energy flame as compared to an equivalent amount of NG [51, 52] . A 299 slightly higher flame stability was observed for the NG/air mixture, for the disk slit diameter of ds = 25 mm, 300 as compared to disk slit diameter, ds = 45 mm, for lean conditions (φ < 0.6). This was due to the high 301 susceptibility of the combustion systems operating at lean conditions to the high turbulence accompanied 302 with ds = 45 mm, which promoted lower flame stability induced by local flame extinction [53] .
303
Consequently, this resulted in lower thermal diffusivity compared to the mass diffusivity and hence the rate 
315
Regarding the flame appearance, it was noticed for the NG/air mixtures, that the flame is more stable for 
342
The quantitative analysis of the local equivalence ratio measurements by the LIBS technique could be 
Calibration lines 364
From the spectrum analysis implemented in the aforementioned section, the elemental mass fractions YC,
365
YH, YN and YO, were calculated and presented against the signal intensity as a linear relationship in Figure   366 8. Due to the high precision of using the integral method of the area under each spectral line [25, 56] , the 367 mass fraction of each emission line was defined by the ratio between the integration area under the peak 
382
The C/(N+O), H/O and H/N intensity ratios were reported as a function of the equivalence ratio for the ratio of the premixed NG/air mixture. This calibration line will be essential for local equivalence ratio 386 measurements. The calibration procedure was accomplished under real temperature and pressure 387 conditions, which is directly related to the behaviour of the flames.
389
Two methods were utilized to evaluate the mixture fraction (ξ); in the first method, ξ was calculated by 390 using the intensity ratios of C/(N+O), H/N and H/O, whilst the second method identified ξ based on the 391 obtained elemental mass fraction values, which are presented in Figure 8 , and substituted it into Eq. (1).
392
Subsequently, a relationship between the two methods is presented in Figure 10 . Over the entire range of 
396
Consequently, both methods could be employed for mixture fraction quantitative measurements.
397
=1-∑
Eq (1) where yOi are the oxidant elements' mass fractions. Thus, ξ for the fuel stream will be 1, and for the oxidizer 398 stream, it will be 0. 406  407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423 
Mass Fraction Measurements
425
The flame appearance and the location of the measurement axial positions (red dots) of the lean partially 426 premixed flame at the equivalence ratio, φ= 0.8, with two disk slit diameters, for the NG/air mixture, is 427 shown in Figure 11 . 
449
The elemental mass fraction of H and C were reduced for both disks, as the distance from the burner rim 
456
to the shear layer generated due to the diffusion between the air and fuel. 
Mixture Fraction Measurements
459
Based on the calibration curves shown in Figure 9 , the local equivalence ratio could be identified for each 
where yFi are the fuel elements' mass fractions. Furthermore, the mixture fraction, ξ can be employed to 468 evaluate the average equivalence ratio based on Eq. (3):
For the current NG/air flame the stoichiometric air-to-fuel ratio(A/F)st was calculated as 17.167.
472
The impact of changing the disk slit diameter on the mean radial profile distribution of equivalence ratio
473
or mixture fraction at different axial positions of X/D = 0.074, 1.11, 1.85 and 2.5 are presented in Figure 13 .
474
All of the measurements were conducted at lean NG/air mixture conditions of φ = 0. 
493
As shown in Figure 13 , the smaller turbulence generator disk slit diameter of ds = 25 mm consistently 
514
[26]. Moreover, the mixture fraction flat distribution profiles highlight the ability of the current burner 515 configuration to generate highly stable partially premixed flames. In addition, previous studies [8, 66] 516
showed that the flame speed is directly proportional to the mixture fraction gradient and subsequently the 517 flame front curvature. Consequently, the non-uniformity in the ξ distribution increased the flame front 518 curvature and decreased the rate of heat transfer from the flame front, resulting in a lower preheating of 519 the unburned gas layers, and hence, a lower flame propagation speed will be produced [8] .
520 521 
566
Conclusions 567 568
The current study was mainly focused towards the extension of the lean combustion limit by generating 569 higher turbulence levels or by using the partially stratified charge method. Likewise, the burner was 570 designed for improving the stability of lean flames, and consequently, it produces low emissions. In addition,
571
the LIBS technique was employed to characterize and quantify the impact of changing the disk slit diameter 572 on the distribution profiles of equivalence ratio or mixture fraction for NG/air partially premixed flame.
573
The current burner configuration stability was examined for a lean NG/air mixture at φ = 0.8 by changing 574 the disk slit diameters, the fuel used and the degree of partial premixing. The conclusions drawn from this 575 work are as follow: 576 577
(1) At the equivalence ratio of φ = 0.8 and for different levels of partially premixing, it was noticed that 578 changing the disk slit diameter has a great impact on the flame stability for both NG and LPG fuels.
579
Increasing the disk slit diameter from ds = 25 mm to ds = 45 mm resulted in a higher flame stability for the 580 NG/air mixture. In contrast, increasing the disk slit diameter for LPG/air mixtures reduced its flame 
604
and X/D = 2.5, for disk, ds = 25mm, was higher than that of disk, ds = 45mm, with approximately 9.6% and 605 32%, respectively. As the axial distance above the burner tip increased from 0.074 to 2.5, the equivalence 606 ratio was reduced for both disks, ds = 25mm, and ds = 45mm, by approximately 25% and 43%, respectively.
607
(7) The mixture fraction fluctuation profiles associated with disk, ds = 45mm, were consistently lower than 608 that of ds = 25mm, for most of the radial distances r/R. Near the burner tip at X/D = 0.074, the peak fluctuation for disk, ds = 25mm, was approximately 0.028, whilst for disk, ds = 45 mm, was approximately
